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Abstract 
The variation of the calcination temperature in the fabrication procedure of sol-gel SnO2 thick film gas sensors leads to very 
different sensing characteristics [1]. In the present studies, the conduction mechanism and electrical characteristics of the surface 
of undoped SnO2 based sensing materials - calcined at different temperatures - are investigated by performing DC electrical 
resistance and work function changes measurements. The results show for the first time the existence of an intrinsic surface band 
bending for undoped SnO2 (calcination temperature 450°C). Because an intrinsic surface band bending has a big impact on the 
conduction mechanism and the concentration of surface species, which have an influence on the electrical resistance, the sensing 
performance is dramatically changed. The effect is similar to 1 at.% Ni surface loading, which showed a huge intrinsic surface 
band bending and an enhanced sensing performance in comparison to the undoped base material [2]. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
Keywords: Conduction mechanism; sensor performance; transduction; work function; SnO2 
1. Introduction 
In the sensing community, it was considered for a long time that the detection mechanism for sensing with n-type 
SMOX based gas sensors can be easily described by the adsorption of atmospheric oxygen and its reaction with 
reducing gases. The associated charge transfer processes lead to changes in the electrical resistance of the sensing 
layer due to variation of the barriers height at the grain boundaries, which originate from surface depletion layers. 
However, recently, it was demonstrated that the processes are not that simple as the transduction as well as reception 
can change even in realistic application conditions during exposure to target gases [3]. E.g. for undoped IPC1000 
this means that the conduction mechanism can change from depletion - to accumulation-layer-controlled by 
increasing the reducing gas concentration in dry or humid backgrounds. It is important to note that the magnitude of 
the sensor signal and its variation with the concentration of target gas depends on the conduction mechanism, which 
ensures the transduction of surface chemistry into changes of the electrical resistance of the sensing layer [4]. A 
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change in conduction mechanism has dramatic consequences on the sensing performance and is a reason why it is so 
difficult to fit the full sensor response with one function [3].  
Furthermore, it was demonstrated that the transduction can be dramatically changed by doping with Pd, Pt, Ni, 
Sb, Al etc., which leads in many cases to the appearance of an intrinsic surface band bending [2,5]. The conduction 
mechanism switch is, therefore, shifted to higher reducing gas concentrations (or lower oxygen backgrounds) and, in 
addition to the changed surface chemistry, could determine the changed sensor performance.  
In the present studies, undoped SnO2 powders, calcined at different temperatures, are investigated concerning 
their conduction mechanism. It is shown, that the existence of an intrinsic surface band bending is also possible for 
undoped SnO2 and the influences on the sensing performance are evaluated.  
2. Experimental 
The investigated undoped SnO2 sensing materials were obtained by sol-gel synthesis and calcined at 450°C or 
1000°C; for details see [1,6]. The two 450°C powders were calcined in different ovens, which resulted in slight 
temperature differences. In a next step, the sensing material was deposited by screen printing onto alumina 
substrates using the design presented in [7]. The sensors were operated at 300°C for all measurements that were 
preceded by a 48h stabilization, at the operating temperature, in dry synthetic air, and a 24h stabilization in N2. 
 Simultaneous DC electrical resistance and work function changes measurements were performed following the 
approach presented in [8]. In order to cover a large range of band bending changes, different concentrations of CO 
(5-250 ppm, 2-4 h) in defined O2 backgrounds (<7, 100, 200, 1000, 10000 ppm, 20,5%) were exposed. Residual 
water vapor was below 10 ppm, so it can be assumed that the electron affinity is constant and changes in work 
function are equal to changes in band bending [8]. The extraction of the band bending values from the 
experimentally measured CPD values was done following the approach presented in [4]. 
For the DC electrical resistance measurements, the sensors were exposed to N2, dry air, 0.3, 0.5 0.7, 1, 3, 5, 15, 
30, 50, 70, 100, 150, 200 and 250 ppm CO in dry air as well as 6%, 20% and 50% r.h.@25°C while measuring the 
electrical resistance with an electrometer (Keithley 6517B).  








Pictures of the IPC450w and IPC1000 sensor during exposure to N2, 50 ppm EtOH in N2 and 500 ppm EtOH in N2 in a measuring chamber 
provided with a transparent window. 
 
According to recent studies, the material characteristics and therefore the sensing performance of undoped SnO2 
sensing layers obtained by conventional wet chemistry preparation techniques (for detailed description see [1]) 
varies depending on the calcination temperature. The following investigations are in line with these findings (see 
Fig. 4) presenting studies on three different SnO2 based sensing materials: A white powder calcined at 1000°C 
(IPC1000) and two powders calcined at 450°C (IPC450y and IPC450w). Although the nominal calcination 
temperature was the same for the 450°C powders, the material properties are different as e.g. the IPC450w appears 
white at room temperature and changes its color to yellowish by heating, while the IPC450y powder is always 
yellowish. Keeping in mind that low changes in calcination temperature at around 450°C lead to large changes of 
lattice distortion, crystallinity and other material properties (see [1,3]), these differences in material properties 
originate from a slightly different calcination process/temperature. That the material properties of IPC1000 and 
IPC450 samples are extremely different is demonstrated in Fig. l, that shows a color change of the IPC450w from 
yellowish to grey during exposure to EtOH in N2 (for IPC450y, a comparable color change was observed), which is 
not the case for IPC1000. This indicates that the surface is much more reduced for the former, when compared to the 
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latter, most probably because of a higher concentration of defects, which are very likely oxygen vacancies. The 
reduction of the surface for both materials was recently demonstrated by DRIFTs in [9].  
Fig. 2. Dependence of the resistance on the corresponding band bending changes of the IPC100 (left) [4] and the IPC450w (middle) and 
IPC450y (right) obtained by the Kelvin Probe technique. 
 
New simultaneous DC electrical resistance and work function changes measurements performed on IPC450w 
(see Fig. 2 middle) show that the switch from depletion (theoretical value Rןexp(qVs/kT [4]) to accumulation layer 
controlled conduction mechanism (theoretical value Rןexp(qVs/mkT); m≥2 [4]) occurs at around -350 meV. This is 
in opposition to the case of IPC1000, where a direct switch from depletion to accumulation layer controlled 
conduction mechanism (the situation in N2) was observed at 0 eV [4]. For the latter this means, that in the absence 
of atmospheric oxygen (in N2) the energy bands are flat, while for the former, there is an intrinsic positive/upwards 
band bending. For the IPC450y, the situation is even more dramatic as in all measured conditions, the conduction 
mechanism is controlled by surface depletion layers indicated by the following functional dependency of 
Rןexp(eVs/1.08kT). Thus, an intrinsic band bending of at least 500 meV exists. An additional effect, not related to 
oxygen adsorption is therefore present for IPC450, which determines the band bending and is even stronger for 
IPC450y. Because no additive/dopant was incorporated, it would mean that, due to the high concentration of oxygen 
vacancies, some Sn at the surface switches from Sn4+ to Sn2+ and acts as a surface electron acceptor; the effect can 
be assimilated to a surface self-acceptor-doping effect. 
The consequences are demonstrated in Fig. 3, showing a switch from one conduction mechanism to the other for 
the IPC1000 while both IPC450 stay in depletion layer controlled conduction mechanism. For IPC450w, nearly no 
sensitivity to humidity is observed. IPC450y shows an increase of the resistance from dry air to 6%r.h. and a slight 
decrease by further increasing the humidity. A reason for this increase in resistance is obviously a changed reception 
function. Furthermore, it is observed, that the effect of CO and water is additive in the case of IPC1000, because the 
resistance of one defined CO concentration decreases with increasing humidity. For both IPC450s, this effect 
evolves in the other direction, as also shown in the calibration curves presented in Fig. 4. Different exponent values 
were found in different concentration/conduction mechanisms ranges for the fitting functionܴ ൌ ܽ ή ܿ஼ை௡ , see also 
Table 1. In all conditions, the n value of the fit function is higher for the materials showing an intrinsic surface band 
bending, which leads to an increased sensitivity. One reason for this is the changed transduction function. IPC450w 
and IPC1000 show a decreased power (parameter n) for low CO concentrations in humid conditions, which can be 
explained by the competition of CO and water for the same reaction partners as presented in [3], even if the CO 
could also react with lattice oxygen [9]. This decrease can be seen for IPC450y in 50%r.h. indicated by the 
decreased resistance steps at low CO concentrations (Fig. 3). It demonstrates that the surface chemistry of the 
materials is additionally changed. To summarize; the additional effect of different reception function is extremely 
complicated and models have to be derived, that explain the experimental results.  
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Fig. 3. DC electrical resistance measurements of the IPC1000 (left), IPC450w (middle) and IPC450y (right) during exposure to 0.3-250 ppm 
CO in different background conditions. The level of N2 is illustrated by the dashed line and represents flat band for IPC1000 and the situation of 
the initial bending for both IPC450. 
Fig. 4. The resistance as a function of the CO concentration for IPC1000 (left), IPC450w (middle) and IPC450y (right) extracted from Fig. 3. 
Table 1. Parameters of the fit using a power law function shown in Fig. 4.  
Background Dry air 20% r.h. 
Fit range 0.3-5 ppm CO 15-250 ppm CO 0.3-5 ppm CO 15-250 ppm CO 
Fit parameters a n a n a n a n 
IPC1000 2.3· 105 -0.46 2.0· 105 -0.36 3.2· 104 -0.26 3.6· 104 -0.35 
IPC450w 9.7· 104 -0.49 1.0· 105 -0.50 3.5· 105 -0.38 4.0· 105 -0.57 
IPC450y 3.8· 104 -0.51 3.5· 104 -0.46 1.3 · 105 -0.53 1.4· 105 -0.61 
4. Conclusion 
It was shown that an intrinsic surface band bending can be present in undoped SnO2 obtained by classical sol-gel 
wet chemistry techniques. Its magnitude varies with the calcination temperature, which could be explained by a 
higher concentration of defects – very likely oxygen vacancies – and an increased performance towards CO 
exposure was observed for the materials showing an intrinsic band bending. Fitting of the calibration curves in 
defined regions with a power law function indicates that also the reception is different. Next steps will be to extend 
the models to explain further the experimental findings.   
References 
[1] A. Diéguez, A. Romano-Rodrı́guez, J.R. Morante, J. Kappler, N. Bârsan, W. Göpel, Nanoparticle engineering for gas sensor optimization: 
improved sol–gel fabricated nanocrystalline SnO2 thick film gas sensor for NO2 detection by calcination, catalytic metal introduction and 
grinding treatments, Sensors Actuators B Chem. 60 (1999) 125–137. 
87 J. Rebholz et al. /  Procedia Engineering  120 ( 2015 )  83 – 87 
[2] K.-I. Choi, M. Hübner, A. Haensch, H.-J. Kim, U. Weimar, N. Barsan, et al., Ambivalent effect of Ni loading on gas sensing performance in 
SnO2 based gas sensor, Sensors Actuators B Chem. 183 (2013) 401–410 
[3] N. Barsan, J. Rebholz, U. Weimar, Conduction mechanism switch for SnO2 based sensors during operation in application relevant conditions; 
implications for modeling of sensing, Sensors Actuators B Chem. 207 (2015) 455–459.  
[4] N. Bârsan, M. Hübner, U. Weimar, Conduction mechanisms in SnO2 based polycrystalline thick film gas sensors exposed to CO and H2 in 
different oxygen backgrounds, Sensors Actuators B Chem. 157 (2011) 510–517.  
[5] M. Hübner, N. Bârsan, U. Weimar, Influences of Al, Pd and Pt additives on the conduction mechanism as well as the surface and bulk 
properties of SnO2 based polycrystalline thick film gas sensors, Sensors Actuators B Chem. 171-172 (2012) 172–180.  
[6] A. Diéguez, A. Romano-Rodrı́guez, J.L. Alay, J.R. Morante, N. Bârsan, J. Kappler, et al., Parameter optimization in SnO2 gas sensors for NO2 
detection with low cross-sensitivity to CO: sol–gel preparation, film preparation, powder calcination, doping and grinding, Sensors Actuators 
B Chem. 65 (2000) 166–168.  
[7] N. Bârsan, U. Weimar, Understanding the fundamental principles of metal oxide based gas sensors; the example of CO sensing with SnO2 
sensors in the presence of humidity, J. Phys. Condens. Matter. 15 (2003) R813–R839.  
[8] A. Oprea, N. Bârsan, U. Weimar, Work function changes in gas sensitive materials: Fundamentals and applications, Sensors Actuators B 
Chem. 142 (2009) 470–493.  
[9] D. Degler, S. Wicker, U. Weimar, N. Barsan, Identifying the Active Oxygen Species in SnO2 Based Gas Sensing Materials: An Operando IR 
Spectroscopy Study, J. Phys. Chem. C. 119 (2015) 11792–11799.  
